The mechanism of addition of a soluble unstructured monomer to a preformed ordered amyloid fibril is a complex process. On the basis of the kinetics of monomer disassociation of A (1-40) from the amyloid fibril, it has been suggested that deposition is a multistep process involving a rapid reversible association of the unstructured monomer to the fibril surface (docking) followed by a slower conformational rearrangement leading to the incorporation onto the underlying fibril lattice (locking). By exploiting the vast time scale separation between the dock and lock processes and using molecular dynamics simulation of deposition of the disordered peptide fragment 35 
The mechanism of addition of a soluble unstructured monomer to a preformed ordered amyloid fibril is a complex process. On the basis of the kinetics of monomer disassociation of A (1-40) from the amyloid fibril, it has been suggested that deposition is a multistep process involving a rapid reversible association of the unstructured monomer to the fibril surface (docking) followed by a slower conformational rearrangement leading to the incorporation onto the underlying fibril lattice (locking). By exploiting the vast time scale separation between the dock and lock processes and using molecular dynamics simulation of deposition of the disordered peptide fragment 35 
MVGGVV
40 from the A peptide onto the fibril with known crystal structure, we provide a thermodynamic basis for the dock-lock mechanism of fibril growth. Free energy profiles, computed using implicit solvent model and enhanced sampling methods with the distance (δ C ) between the center of mass of the peptide and the fibril surface as the order parameter, show three distinct basins of attraction. When δ C is large, the monomer is compact and unstructured and the favorable interactions with the fibril results in stretching of the peptide at δ C ≈ 13 Å. As δ C is further decreased, the peptide docks onto the fibril surface with a structure that is determined by a balance between intrapeptide and peptide fibril interactions. At δ C ≈ 4 Å, a value that is commensurate with the spacing between -strands in the fibril, the monomer expands and locks onto the fibril. Using simulations with implicit solvent model and all atom molecular dynamics in explicit water, we show that the locked monomer, which interacts with the underlying fibril, undergoes substantial conformational fluctuations and is not stable. The cosolutes urea and TMAO destabilize the unbound phase and stabilize the docked phase. Interestingly, small crowding particles enhance the stability of the fibril-bound monomer only marginally. We predict that the experimentally measurable critical monomer concentration, C R , at which the soluble unbound monomer is in equilibrium with the ordered fibril, increases sharply as temperature is increased under all solution conditions. Proteins and peptides that are unrelated by sequence or structure form morphologically similar fibrillar structures upon aggregation. [1] [2] [3] The emergence of a global cross -structure, which is the characteristic of all fibril forming proteins including those that are associated with distinct strains, suggests that their growth processes must be similar. Experiments on A amyloid forming protein 4 have found that the process of monomer addition to an elongating amyloid fibril ( Figure 1 ) is kinetically complex involving distinct stages of growth with substantial structural transformations. More generally the cascade of events involving association of monomers into soluble oligomers and the formation of protofilaments and eventually fibrils results in a hierarchy of structures. Nevertheless, the overall association of a monomer with amyloid fibrils can be approximately described using two distinct time scales. 5, 6 On the basis of kinetic experiments involving A -peptides, Lee and Maggio 5 envisioned that the growth of fibrils occurred by a sequential process involving two distinct steps that were pictorially described as the dock-lock growth mechanism. On a relatively fast time scale a monomer reversibly binds (or docks) to the fibril surface. A second slower time scale is associated with the lock process, which presumably involves structural rearrangements within the monomer leading to a greater binding affinity for the fibril. [5] [6] [7] Upon completion of the irreversible lock process the monomer adopts the -strand conformation that is commensurate with the underlying fibril structure. The dock-lock growth process can be schematically shown as where A S and A D represent the monomer in solution and in the docked phase, respectively, and A F is the structure adopted in the amyloid fibril.
The pictorial description in eq 1 is simplistic because it is likely that in both the major stages of deposition and growth there is a great deal of conformational fluctuations. 6 The plausibility for a dock-lock mechanism of fibril growth comes solely from bulk experiments, which show that the kinetics of monomer dissociation from a fibril can be fit by a sum of two or three exponentials. 5, 6 In addition, there is a paucity of data
for the structural rearrangements that occur in the transition from the disordered soluble monomer to A D or A F . 5, 6, 8 Measuring such conformational changes is hampered by the inherently low concentration of fibril-bound monomer in the docked phase and the length scale of the structural rearrangements involved in the dock-lock transition. 5, 6 Molecular simulations are ideally suited for providing structures, energies, and dynamics of the process of monomer addition to a fibril. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] These studies have given considerable insights into the mechanisms of formation of amyloid fibrils. For example, in several previous computational studies we investigated many aspects of the early events of amyloid formation, including monomer addition to preformed structured oligomers 11 and the effect of urea on these species. 9 Results from these studies suggest that even oligomer growth can be described by a dock-lock mechanism. More recently, we have shown using lattice models that fibril growth occurs globally by a dock-lock process with considerable structural heterogeneity in the rearrangement from the monomer to fibril. 23 Here, we use simulations to provide a thermodynamic basis for the global dock-lock mechanism of fibril growth. Although growth is an inherently kinetic process, the clear separation in the time scales between the dock and lock process allows us to examine free energy and structural changes as the monomer interacts with the template fibril surface. The basic premise of our work is that the growth of fibrils occurs by addition of one monomer at a time. While more complex processes, including association between two protofilaments, can be envisioned, current experiments 7 suggest that unstructured monomers add one at a time. With this assumption, we study the thermodynamics of the addition of a disordered A monomer that is added to a preformed fibril surface. The availability of molecular structures 24 enables us to monitor the energetic and structural changes in the monomer as it attaches to the fibril. Using multiplexedHamiltonianreplicaexchange(MhREX)simulations, 25, 26 we sample the reversible association/dissociation of a peptide (MVGGVV) from the A protein to a fibril whose structure has recently been determined at atomic resolution. 24 The use of an implicit solvent model and enhanced sampling methods allows us to fully characterize the thermodynamics of the process under a variety of solution conditions.
Our simulations reveal a number of novel features of the thermodynamics of amyloid growth. The dock-lock mechanism is manifested as three basins in a free energy profile, which monitors the reversible work related to bringing a monomer to the fibril surface. The three basins correspond to two substate basins of the docked monomer and a locked phase in which the monomer adopts an extended antiparallel conformation with modest -strand content. As envisioned in the experimental study, 5 there is a great deal of structural diversity in the reversible docking stage. The dock f lock transition is a disorder-to-order transition that involves an increase in the endto-end distance of the monomer that is driven by the favorable peptide-fibril interactions. The free energy barrier separating the docked and locked phases arises largely from the loss of favorable intrapeptide interactions of the monomer that is deposited onto the surface.
To further shed light on the energetics governing monomer addition we have probed the influence of cosolvents (urea and trimethylamine N-oxide (TMAO)) and molecular crowders on the free energy profiles. Surprisingly, a modest concentration (0.75 M) of either urea or TMAO stabilizes the locked phase, while molecular crowding only marginally stabilizes the docked phase. The thermodynamics of amyloid formation can be inferred by measuring the equilibrium between the amyloid fibril and the soluble monomer as shown by Wetzel and co-workers. 27 A measure of the free energy of stability of the fibril structure is the critical monomer concentration, C R , which is the concentration of soluble monomer that is in equilibrium with the amyloid fibril. 27 We show that C R is strongly temperature dependent and exhibits weak cosolvent dependence. Our study provides a conceptual framework for interpreting the thermodynamics of fibril formation.
Computational Methods
Fibril Model. To illustrate the structural transformations in a monomer interacting with a fibril, we chose a six residue peptide ( 35 MVGGVV 40 ) fragment from the A 4 protein that forms amyloid-like fibrils in vitro, and whose fibrillar structure is known to 2 Å resolution. 24 We select a cross-section of this fibril's crystal structure (PDB code 2OKZ), two-by-three unit cells wide, made up of a total of twelve peptides, that lies perpendicular to the long fibril axis (Figure 1 ). This leads to an approximately rectangular surface that is ∼48 Å long by ∼45 Å wide and has the peptide backbones fully exposed to solvent. As in the crystal structure, the peptides are zwitterions with no blocking groups attached to the termini.
The unit cell of the amyloid fibril crystal is monoclinic with angles R, , and γ of 90, 96.9, and 90°, respectively. 24 The unit cell distances a, b, and c are 15.148, 9.58, and 23.732 Å, respectively. 24 We carry out simulations on a fibril surface that uses monoclinic periodic boundary conditions with the same R, , and γ angles as in the crystal and a, b, and c values of 45.444, 125.0, 47.464 Å. This results in a fibril surface that has no lateral edges because it is infinite in the xz-plane (Figure 1) . Consequently, our simulations only probe monomer association to the surface of the fibril that is perpendicular to the long fibril axis. This is justified based on the experimental observations that under certain conditions soluble monomers deposit largely on the backbone exposed surface of the fibril. The probability of lateral association of protofilaments is likely to be small during the late stages of fibril elongation. 28, 29 Implicit Solvent Model. The CHARMM 22 force-field 30 in conjunction with grid-based correction maps (CMAP) to the backbone dihedral angles, 31 which reproduce ab initio computed Ramachandran plots of dipeptides, is used to model bonded and nonbonded protein interactions. It is difficult to carry out allatom explicit solvent simulations that adequately sample the equilibrium conformational space. Hence, we use an all-atom representation of the protein and include the effects of solvent using a generalized Born implicit solvent model (GBSW). 32 With this simplification the simulation times can be greatly extended allowing us to obtain converged results for various thermodynamic quantities.
Mimics of Cosolvents Urea and TMAO for Use in Implicit Solvent Simulations. For use in implicit solvent simulations, we introduce a novel way to model interactions involving cosolvents and proteins. We model urea and TMAO as spherical particles that interact with atoms in the peptide via where r ij is the distance (in Å) between a protein atom i and a cosolute molecule j, ij is the interaction strength between them, λ ) 1, and the values of σ ij are computed using the Lorentz-Berthelot mixing rules. 33 Interactions between the osmolyte molecules are repulsive (i.e., λ ) 0 and ij ) 0.1). The size of urea and TMAO is σ i ) 7 Å. The larger collision diameter, compared to molecular volume and partial molar volume estimates of TMAO and urea molecules, 34 approximately accounts for the ordered first solvation shell of water surrounding the cosolutes.
The ij values in eq 2 are chosen so that δg tr,E (0 M f 1 M) ≈ δg tr,C (0 M f 1 M), where δg tr,C (0 M f 1 M) is the computed free energy of transferring the individual protein groups (backbone or side chain) from pure water to aqueous osmolyte solution at 1 M, and δg tr,E (0 M f 1 M) is the experimentally measured value. 35, 36 We calculated δg tr,C using the Widom particleinsertiontechnique, 37 whereδg tr,C )-k B Tlnds N+1 〈exp(-∆U/ (k B T))〉 N , with ∆U being the nonbonded interaction energy (i.e., the Lennard-Jones energy) between a system containing N TMAO (or urea) molecules and a randomly inserted protein group. The quantity exp(-∆U/(k B T)) is averaged over all system configurations of the cosolutes. Because we are using an implicit solvent model and solutions at fairly low osmolyte concentrations (0.75 M) we are able to obtain converged δg tr,C data. 38 Typically, 10 5 insertion attempts were necessary to obtain δg tr,C values that had a standard error of less than 10 -5 kcal/mol. 37 Thus, many ij parameters were tested until δg tr,C was within 0.5 cal/mol of δg tr,E . The ij parameters are listed in Table 1 . This approach, while accounting for the particulate nature of cosolvents and the free energy of interaction between cosolvents and proteins, does not include molecular details of the cosolvent that control some of the fine details of the liquid structure (as measured by radial distribution functions) around the protein.
For example, orientation-dependent interactions such as hydrogen bonding between cosolvent-peptide and cosolvent-water are neglected. Our method is an implicit solvent representation of cosolvents. These approximations can change the fine details of the free energy landscape, especially on the length scale of a water molecule. However, we expect gross features such as the conformational fluctuations in the monomer in the various phases and the behavior with changing solution conditions to be captured.
Simulation Details. To enhance sampling efficiency, low friction Langevin simulations 39 with a damping constant of 1.2 ps -1 were carried out in conjunction with MhREX. 25, 26 In an MhREX run, multiple independent trajectories (replicas) are simulated at different temperatures and with different Hamiltonians. 25 Periodically, the coordinates between the replicas are swapped according to a set of rules that preserve detailed balance. 25 We used three temperature windows (280, 325, and 380 K) and twelve different Hamiltonians (denoted H i ) 1,.., 12 ). For each temperature-Hamiltonian pair, two independent trajectories are generated simultaneously. Thus, a total of 72 replicas are simulated in one MhREX run. The Hamiltonians differ only in the potential energy term
, that restrains the center-of-mass of the monomer, defined using the C R atoms of the monomer backbone, to a distance δ C i (in Å) along the y-axis from the fibril surface ( Figure 1 
., 12 are (1.75, 3.00), (3.00, 3.50), (4.50, 2.50), (6.00, 2.5), (7.50, 3.5), (9.00, 3.25), (10.0, 2.75), (11.0, 1.5), (13.5, 1.2), (15.0, 1.0),(17.0, 1.0),(19.0, 1.0), respectively. We alternate the swaps between temperatures and Hamiltonians. Random shuffling between replicas at the same temperature and Hamiltonian are carried out at each swapping attempt. Every 143 integration time-steps swapping of system coordinates between temperatures or between Hamiltonians is attempted. In all, 55,000 swaps are attempted with the first 5,000 discarded to allow for equilibration. The swapping acceptance ratio's were between 10 and 40%. Trajectories are simulated in the canonical (NVT) ensemble, and the equations of motion are integrated with a 2 fs time-step. The total simulation time per replica is 14.3 ns and the sum total simulation time (over all replicas) is 1.03 µ s. We use the CHARMM software package (version c33b2) to generate the trajectories. 33 An in-house perl script was written to run MhREX.
Explicit Solvent Simulations. All-atom explicit solvent simulations were carried out in the NVT ensemble at 300 K using the CHARMM program in conjunction with the CHARMM 12 Å with a switching function applied starting at 10 Å. The TIP3P water molecule was used to model water and the SHAKE algorithm was used to hold covalent bonds involving hydrogen fixed at their equilibrium length. A 2 fs integration time-step was used during dynamics and each trajectory was 30 to 45 ns in length. The same peptide and crystal structure were used as in the implicit solvent model simulations except that only three -sheets from the fibril were used. Thus, there are a total of six peptides in the simulation box. Five of the peptides were fixed during the simulation and thus exhibited no structural fluctuations. The sixth monomer was unrestrained during the simulations. Four independent trajectories were produced starting from two different initial configurations of the system. In one configuration, the simulation was started from the monomer fully locked into the fibril, having the coordinates of the crystal structure. In the other configuration the monomer was displaced 4 Å from the fibril surface along the long fibril axis. Two trajectories were started from these two initial configurations using different random velocity assignments, resulting in four independent simulations.
Potential-of-Mean-Force (PMF) and Structural Probes. Thermodynamic properties of the system are computed using the WHAM equations. 40, 41 The PMF is computed as
, where P(δ C ) is the probability of finding the monomer at a distance δ C from the fibril surface. We used STRIDE to compute the secondary structure content of the monomer. 42 To examine the global orientation of the monomer, relative to the fibril surface, we compute the two-dimensional free energy surface (
] as a function of δ C and θ, the angle formed between a vector normal to the fibril surface and a vector connecting the C R atoms of the N-terminus and C-terminus ( Figure 1 ). Backbone contacts between the added monomer and the peptides on the surface of the fibril are assumed to be formed if the C R atoms between peptides are within a distance of 6 Å. Numbering each residue in a peptide from 1 to 6, starting from the N-termini, in-register parallel backbone contacts occur if residue i, the residue number, of strand j is in contact with residue k of strand l and i ) k. Similarly, in-register antiparallel contacts occur between strands j and l if i and k are in contact and k ) 7 -i.
Results and Discussion
The Potential of Mean Force (PMF) of Monomer Addition to the Fibril Surface Has Multiple Basins of Attraction. The PMF, F(δ C ), that gives the reversible work required to bring the monomer to a distance δ C above the fibril surface ( Figure  1) shows multiple basins of attraction as T is changed from 280 to 380 K (Figure 2 ). There are three distinct basins at temperatures below 340 K (Figure 2A,B) . The minimum in the first basin (B1 in Figure 2A ) is at δ C ) 7.1 Å, and the other two basins (B2 and B3) are at 5.5 and 3.9 Å, respectively. At 280 K the free energy barrier separating B1 and B2 is ∼1.2 kcal/mol. At higher temperatures, the barriers decrease, and at 380 K there is virtually no free energy barrier separating the basins. When δ C < 3.9 Å the PMF increases due to the unfavorable steric interactions between the monomer and the fibril surface. The PMF also increases sharply at δ C > 9 Å, where there are very few contacts between the monomer and the fibril.
To associate the features in the PMF with the dock-lock picture, it is necessary to examine the structural transitions that occur as δ C changes. If the basins observed in the F(δ C ) profile Figure 1 ) for all structures except the one corresponding to the B1 basin. In this structure the underlying fibril peptide is of the reverse "S" shape form (Figure 1) . The free energy profile as a function of the monomer end-to-end distance at a specified δ C (F(R ee |δ C ) ) -k B T ln[Z(R ee |δ C )/Z(δ C )]) is shown for δ C ) 3.7, 5.5, and 7.2 Å (i.e., for basins B1, B2, and B3 in (A)) in (C-E), respectively.
correspond to the docked and locked phases, we expect structural changes in the monomer when δ C decreases from 7.1 to 3.9 Å. The fibril-bound monomer undergoes a global expansion with an increase in the radius-of-gyration (R g ) from 4.6 f 5.7 Å, as it goes from B1 to B3 (Figure 3) . The end-to-end distance also dramatically increases from 8 to 13 Å ( Figure 3B ). It is significant that the maxima in the derivatives of (dR g )/(dδ C ) and (dR ee )/(dδ C ) in the range of 9 > δ C > 3.9 Å occur at δ C ) 6.2 and 4.7 Å (computed using Figure 3 , data not shown). The positions of these maxima coincide with the locations of the free energy barriers in the PMF (Figure 2A ), which suggests that the barriers form during the process of expansion of the monomer as it interacts with the fibril surface.
We examine the free energy profile of R ee at fixed δ C values (F(R ee |δ C )) in Figure 2C -E. These figures show that additional basins are present in the free energy surface that are not evident when projected onto the one-dimensional order parameter δ C . For example, at δ C ) 3.7 Å and δ C ) 5.5 Å (basins B3 and B2) F(R ee |δ C ) exhibits two or more basins. Thus, there are numerous metastable states in the dock-lock process. On the basis of the global structural changes in R g and R ee , we tentatively designate the monomer as unbound if δ C > 9 Å, docked if the monomer is in the range of 9 > δ C > 5 Å, and locked when δ C < 5 Å.
Free Energy Landscape during the Growth Process. Surprisingly, an additional structural transformation in the monomer, that is not evident in F(δ C ), is revealed by the R g (δ C ) and R ee (δ C ) profiles. In the range of 16 > δ C > 9 Å the monomer is "stretched" with R g and R ee values close to that found in an extended -strand(Figure3).Examinationofthebackbone-backbone contacts that occur between individuals residues of the monomer and the fibril (Figure 4) shows that the N-terminal methionine residue contacts the fibril surface when δ C is between 12 and 14 Å. The favorable interaction of the N-terminal residue with the fibril surface leads to the chain expansion observed in R g (δ C ) and R ee (δ C ) when δ C ∼ 12 Å (Figure 3) .
To examine the global orientation of the monomer as it interacts with the fibril surface we show in Figure 4B the free energy surface (F(δ C , cos(θ))) as a function of δ C and cos(θ), where θ is the angle formed between a vector normal to the fibril surface and the N to C-termini vector of the monomer (see Figure 1) . When cos(θ) ) -1 (1) the monomer is oriented toward (away from) the surface (see Figure 1) . A value of cos(θ) ) 0 implies that the monomer is parallel to the fibril surface. At the farthest distances from the fibril (δ C > 19 Å), the orientation of the monomer is randomly distributed ( Figure 4B ) as indicated by the lack of a dominant free energy basin in F(δ C , cos(θ)). However, at δ ≈ 12 Å and cos(θ) ) 1 there is a basin, indicating that the monomer's N to C-termini vector is pointing away from the fibril surface ( Figure 4B ). Thus, the N-terminus is closest to the fibril surface in the "stretched" state. As δ C decreases to 4 Å, basins with values of cos(θ) ≈ 0 are favored, which shows that the monomer is aligned parallel to the fibril surface.
Monomer Deposition to the Fibril Surface Results in Multiple Structural Transitions. We characterize the structural changes that the monomer undergoes while interacting with the fibril using the number of peptide-fibril contacts, and the number of in-register peptide-fibril backbone contacts. In the range of 16 > δ C > 9 Å, the monomer makes very few contacts with the fibril surface (data not shown). Several nonspecific peptide-fibril contacts are made that are energetically favorable ( Figure 5B) . Because δ C is large (relative to R g ) the peptide must extend to make contact with the fibril, as evidenced by the increase in R g and R ee (Figure 3 ). In the extended conformations there is a significant decrease in the favorable intrapeptide interactions ( Figure 5B ). Upon reducing δ C in the range of 9 > δ C > 6.2 Å, the monomer docks onto the fibril surface (Figure 2 ). In the process, the monomer undergoes a dramatic reduction in R g from a maximum of 5.7 Å, when δ C > 9 Å, to 4.6 Å (Figure 3) . The reduction in R g is accompanied by an increase in favorable enthalpic interactions both within the monomer and between the monomer and the fibril ( Figure 5 ). When hopping between basins B1 and B2 in the docked phase, the monomer undergoes only small structural rearrangements, as measured by R g (δ C ) and R ee (δ C ) (Figure 3 ). There are fewer in-register backbone contacts in the docked phase as compared to the locked phase (Figures 4A). In contrast there are a number of out of register contacts in the docked phase.
The monomer undergoes a large scale structural rearrangement as it locks onto to the fibril surface (5.0 > δ C > 3.0 Å). In addition to an increase in R g (Figure 3 ), favorable intrapeptide interactions are lost ( Figure 5B ) and are replaced by peptide-fibril contacts and interactions ( Figures 4A) and 5B). The monomer forms antiparallel in-register backbone contacts ( Figure 4A ) in agreement with the monomer orientation in the crystal structure. 24 In Figure 2 , we show monomer-fibril configurations corresponding to the unbound, docked, and locked phases. Note that the "stretched" conformation shown in Figure 2 correlates with the expanded R g in Figure 3 .
To analyze the stability of the docked monomer, we analyze the secondary structural content as a function of δ C using the STRIDE program. 42 For δ C > 9 Å, the monomer is unstructured and is dominated by random coil (>60%) with moderate turn content (<40%). In the docked phase, turn content dominates (∼60%) and the coil content drops to ∼35%. In the locked phase, the peptide is predominantly a random coil (∼80%), turn content is around 10%, and -bridge content around 10%. Although the locked monomer does form an antiparallel -sheet with the fibril with frayed ends the structure is not stable in the simulations.Thus, in contrast to the structure of a peptide in the fibril crystal structure the -strand content in the simulated monomer is small even after locking is complete. There are three possible reasons for the instability of the -strand in the locked phase in our simulations. First, in experiments the width of fibrils is finite consisting of just a few -sheets whereas in our simulations the fibril surface is essentially infinite. The finite fibril results in a structure with a helical twist that can better accommodate a -strand than a flat surface without grooves. As a result, in our simulations a single monomer can bind to multiple sites on the surface leading to an increase in the binding entropy that can compensate for the energy gain that arises from forming an in-register -sheet with another monomer in the fibril. Thus, the free energy of the added monomer can be minimized by making multiple out-of-register backbone contacts with different strands in the fibril, leading to small -strand content. Second, the absence of additional monomers, which could offer a self-crowding environment for the docking monomer, enhances the conformational fluctuations thus decreasing the -strand content. Self-crowding would enhance the stability of the monomer once it forms a structure that is commensurate with the underlying fibril lattice.
It is likely that the GBSW implicit solvent model is inaccurate in describing the stability of the fibril. To test whether the observed instability is due to the use of the implicit solvent model, we performed all-atom explicit solvent molecular dynamics simulations of the monomer on a fibril of finite width, shown in Figure 6 , at 300 K. We generated four independent trajectories each 45 ns in simulation time. Two of the trajectories were started with the monomer in the locked phase (i.e., in the crystal conformation) and two were started with the center of mass of the monomer displaced by 4 Å along the fibril axis away from the fibril surface. During the simulations, the two displaced monomers come into contact with the fibril surface. However, on the simulation time scale they did not acquire -strand content or interstrand hydrogen bonds (data not shown). Of the two trajectories that are started in the locked phase, one exhibits a decrease in -strand content while the other stays fully locked. While these explicit solvent simulations are by no means ergodic, these results suggest that perhaps even in explicit solvent simulations the monomer is not stable as a -strand on the fibril surface. These preliminary findings show that it is difficult to accurately describe the stability of fibrils using current force fields.
The overall goal of this study is to provide a picture of the structural changes that occur as the monomer starts to interact with the fibril lattice and not to obtain accurate estimate of the stability of the locked phase. The various structural probes used here give a view of the changes in the free energy profile as δ C decreases. Furthermore, we show that below the critical concentration calculated from these simulations exhibit realistic changes with solution conditions, which suggests that the present simulations capture qualitatively the complexity of the dock-lock mechanism.
The Free Energy Barrier Separating the Docked from Locked Phases Is Largely Enthalpic. To determine the origin of the free energy barriers separating the docked and locked phases (Figure 2 ) we compute the potential energy (E P ) and entropic (TS) contributions to F(δ C ). The profiles of E P (δ C ) and TS(δ C ) ( Figure 5A ) have maxima at the same locations as the basins in F(δ C ) (Figure 2) . At δ C ≈ 6 Å, the maximum in E P is greater than TS, indicating that potential energy gives rise to the free energy barriers separating the docked and locked phases in F(δ C ). Interestingly, the monomer gains entropy upon reaching the top of the barrier from the docked phase in F(δ C ) ( Figure 5A ). However, the monomer loses entropy upon locking onto the fibril surface as indicated by
) and δ i, l correspond to the upper (u) and lower (l) bounds in δ C that separate the docked and locked basins in the F(δ C ) profile. At 300 K, T∆S DfL ) -2.6 kcal/mol and at 380 K T∆S DfL ) -6.7 kcal/mol.
To determine the molecular origin of the barriers in F(δ C ) we deconvolute the E P (δ C ) profile into contributions from the monomer internal energy (E M (δ C )), that is, the interaction energy of the monomer with itself, and the monomer-fibril interaction energy (E MF (δ C )). These profiles ( Figure 5B ) clearly show that the docked phase is energetically stabilized by internal monomer interactions and monomer-fibril interactions, while in the locked phase favorable internal monomer interactions are lost and replaced by monomer-fibril interactions. Consequently, it is the interplay of these two energies as the monomer undergoes conformational changes that contributes to the potential energy barrier separating the docked and locked phases.
Urea and TMAO Stabilize the Fibril-Bound Monomer. The cellular environment, besides containing large biomolecules, also contains osmolytes that can dramatically effect protein function, 43 stability, 43, 44 and amyloid formation. [45] [46] [47] Naturally occurring osmolytes, such as TMAO and urea, can be found in a variety of organisms at concentrations from 0 to 6 M. 43, 48 Therefore, to carry out simulations at physiologically relevant concentrations, we simulate the process of monomer addition in aqueous urea and TMAO solution at 0.75 M using a coarse grained model for urea and TMAO (eq 2).
Urea and TMAO increase the stability of the locked phase relative to bulk (Figure 7 ). In contrast, the unbound and docked states are destabilized in the presence of these osmolytes. Our simulations show that urea stabilizes the locked phase to a lesser extent than TMAO. This is due to the stronger interaction of urea (see Computational Methods) with the peptide and the fibril. For example, R g of the unbound monomer is slightly greater in urea than in TMAO (data not shown) due to the stronger attraction between the urea molecules and the peptide. The greater affinity is reflected in the radial distribution function (RDF) between the cosolutes and the peptide groups (OdC-N-H) of the protein backbone. The first peak in the RDF, located at r ) 7.5 Å, indicates that urea preferentially interacts with the backbone and binds more strongly than TMAO (data not shown).
The observation that urea stabilizes the locked species requires an explanation because typically denaturants destabilize the fold state of globular proteins. The tendency of urea to denature globular proteins can be understood in terms of its enhanced preference for the protein backbone and solvation of hydrophilic residues compared to water. 49, 50 Thus, urea effectively decreases favorable intrapeptide interactions and consequently at high enough concentration results in unfolding of the protein. In contrast to the urea-protein interaction, the stability of the docked phase is determined by at least four free energy scales; they are the intrapeptide, monomer-solvent, monomer--fibril, and fibril-solvent interaction energies. The stability of the docked phase depends on how these free energy scales vary as a function of cosolvents, such as urea and TMAO, and their concentration. Our results suggest that small amounts of urea and TMAO tend to favor monomer-fibril interactions to a greater extent than others. We expect that at high concentrations of osmolyte the unbound species may be stabilized, which would result in the instability of the monomer bound to the fibril. Indeed, there is experimental evidence for such a nonmonotonic dependence on the osmolyte concentration. 46 As stated above, the effect of urea on fibril formation is complicated, and hence additional studies are required to understand the extent to which urea promotes or inhibit the formation of amyloid fibrils.
To contrast the effect of specific interactions between urea and TMAO on the stability of the docked and locked states, we also carried out simulations to probe the influence of small crowding particles on their stabilities. The interaction between The relative values of the critical monomer concentration are calculated from these profiles using eq 8.
the crowding particle and the peptide atom is mimicked using eq 2 with ij ) ) 0.1 kcal/mol and λ ) 0. At a crowder volume fraction of φ C ) 0.14 (concentration of 0.75 M), the PMF indicates that inert-crowding particles only marginally stabilize the docked phase with respect to bulk and destabilize the locked phase.
The Effect of TMAO and Urea on the Critical Concentration C R . When amyloid fibrils reach equilibrium (when the rate of monomer addition to the fibril equals the rate of dissociation) some number of monomers remain unbound in solution. The equilibrium concentration of the soluble unbound monomers is the critical concentration, C R . One can relate C R to the equilibrium constant of dissociation of a monomer from the fibril. 27 Wetzel and co-workers have used this observation to map the regions in A 1-40 that harbor amyloidogenic tendencies. 8, 27 The free energy profiles computed in our simulations allow us to calculate the relative changes in C R as the cosolvent concentration or temperature is varied. From the density of a monomer at distance δ C from the fibril surface, C R can be calculated using where C is the bulk density of peptide in solution, ) 1/k B T, where k B is Boltzmann's constant, T is the temperature of solution condition, and F(δ C ) is the PMF. On the basis of our previous results using multiple structural probes we set δ M , the boundary between the docked and unbound species, to 9 Å. We set δ U to 22 Å since this is the largest δ C value appreciably populated in our MhREX simulations due to the harmonic restraint with a minimum at δ C i ) 19 Å (see Computational Methods). The value of δ U defines the volume accessible to the peptides during the simulation and is thus directly related to the bulk density C. To test the robustness of the results presented below, a variety of δ M and δ U were tested (data not shown). The trends in computed R were unaffected by moderate changes ((5 Å) in δ M and δ U .
The relative change in C R upon a change in solution conditions (altering cosolute concentration of temperature) can be computed without determining C in eq 3, using where C R, j (C R, i ) is the value of C R in solution condition j (i) and F j (F i ) is the corresponding free energy profile.
In Figure 8A ,B, the ratio of the critical concentration relative to either C R in bulk or C R at 300 K is shown as a function of temperature for the various solution conditions. Holding the solution temperature fixed below approximately 340 K we find that upon addition of cosolutes to solution R 1 () C R (T|Cosolute)/ C R (T|Bulk)) decreases ( Figure 8A ). For example, at 300 K R 1 equals 0.3, 0.5, and 0.2 for crowder, TMAO, and urea, respectively. Thus, addition of the cosolutes at these temperatures decreases C R , which is in accord with the stabilization observed of the fibril-bound monomer. However, at higher temperatures R 1 is greater than 1, which means at these temperatures addition of these cosolutes increases the critical concentration.
Holding cosolute concentration constant we find that upon an increase in temperature R 2 () C R (T)/C R (T ) 300 K)) is monotonically increasing ( Figure 8B ). For example, changing T from 300 to 380 K leads to R 2 values of 38.5, 160, 638, and 526 in bulk, crowder, TMAO, and urea solutions, respectively. Thus, increasing temperature increases C R under all solution conditions. Interestingly, the locked phase can still be stabilized despite the increase in C R . For example, in bulk solution we find that increasing the temperature from 300 to 380 K results in a stabilization of the unbound and locked phases by 0.4 and 0.6 kcal/mol respectively. The docked phase on the other hand is destabilized by ∼0.9 kcal/mol. This result is important because it illustrates that C R only measures the equilibrium constant of monomer association and cannot measure the equilibrium constants of the monomer in the docked and locked phases. Thus, increases in C R do not always indicate destabilization of the locked phase. These predictions are amenable to experimental tests.
Conclusions
Author: By exploiting the large separation in the time scales of the two major events (dock and lock) in the growth of amyloid fibrils, we have provided a thermodynamic description of monomer addition to a fully formed fibril. Although the results have been obtained by examining the addition 35 MVG-GVV 40 to a template fibril, the dock-lock framework is expected to be of general validity. It should be emphasized that the precise structural transitions are sequence-dependent as shown in several studies [51] [52] [53] beginning with the work of Klimov and Thirumalai. Because the structure of the unbound monomer is usually not commensurate with the fibril, it follows that the monomer must undergo a cascade of structural transitions. Our simulations show that, surprisingly, even a small peptide can adopt a diverse set of conformations prior to locking onto the fibril. Because there is a great deal of structural diversity in the docked and locked states, it follows that the subsequent lock process must be dynamically heterogeneous. The diversity in the locking state, and hence in the growth of amyloid fibrils, could be assessed using single molecule experiments. In analogy with single molecule FRET experiments carried out on globular proteins, the monomer labeled with donor and acceptor dyes with the fibril unlabeled could be used to probe structural substates associated with the dock-lock process based on the distribution of FRET efficiencies and the dynamic transitions between them.
From the perspective of simulations, we have provided a novel method for computing interactions between cosolvents for use in implicit solvent simulations. Using this methodology, we showed that small concentrations of urea and TMAO, which are known to have opposing effects on protein stability, increase the stability of the locked phase. The use of implicit cosolute models and the free energy profiles may be particularly useful in the computation of C R , the critical monomer concentration that is in equilibrium with the fibril. In a series of papers, Wetzel and co-workers exploited the thermodynamic equilibrium between A S and A F (reflected in C R ) for two A (1-40) sequences that differ at a single position to probe the regions that are strongly amyloidogenic. 27 The same idea can be exploited to compare the effects of two solution conditions on the stability of fibrils. We have shown that the C R values can be used to predict qualitatively the relative (with respect to a reference condition) stability of the fibril bound monomer under varying solution conditions. We predict that C R is strongly temperature dependent. Thus, measurements of C R as a function of temperature should be useful in predicting the energetics of fibril formation. The sensitivity of C R to temperature and mutations can be used to map regions of proteins or peptides that harbor amyloidogenic tendency.
Although our simulations provide thermodynamic perspectives on the amyloid growth, they are not without limitations. For example, using both atomistic and implicit solvation models we find that the -strand content of the locked monomer does not reach the value found in the fibrils. There are two possible reasons for this discrepancy.
(1) The current force fields are not accurate enough to describe stable fibrils. In order to ascertain that this is indeed the case we performed additional simulations, using implicit and explicit solvent models, to examine the stability of the monomer that is locked onto finitesized fibrils. These simulations complement those that were done using the setup in Figure 1 . From multiple trajectories with the implicit solvent model, we find that the locked monomer undocks after a finite time indicating that the system is kinetically unstable. We performed similar simulations using explicit solvent. Among the four independent trajectories, each 45 ns in length, two were started with the center of mass of the monomer displace by about 4 Å away from the fibril along the fibril axis. The initial condition for the other two corresponded to an ordered locked structure. It was found that even when the initial condition corresponds to the monomer being locked the -strand content decreased over time. Taken together these simulations suggest that the stability of the locked phase cannot be described using the force-fields that are used in simulations.
(2) The peptide used here is predominantly hydrophobic, which implies that the stability of the fibrils arises largely from the nonspecific dispersion interactions between the side chains. In a recent study, we showed that fibrils formed from largely hydrophobic peptides are not as stable as those from sequences in which the interpeptide interactions involve hydrogen bonds. In particular, the heptamer from Sup35, which forms parallel -strands, is stabilized by a network of hydrogen bonds that result in the formation of a highly stable fibril. It is likely that a combination of both these factors lead to the kinetic instability of the fibril formed from 35 MVGGVV 40 peptide. Nevertheless, the free energy landscapes derived here provide the plausible structural transitions that take place during the amyloid growth process and furnishes a thermodynamic perspective on the dock-lock mechanism.
